INTRODUCTION
Dynamic flow phenomena such as response delay are aspects of the operation of foam application units calling for special attention during start-up, shut-down or a change in the production process. After a certain delay time, a change in the foam production in the mixer of an application unit affects the quantity of foam leaving the unit at the point of application. This delay in response is caused by a change in the mass content of foam in the application unit, which in turn is a function of pressure drop, itself related to change of flow. The subsequent interactions are due to a combination of the compressibility and the relatively high viscosity of the foam.
Response delay can lead to deviations in the yield of foam on the substrate. In many application units the yield is determined directly from the quantity of foam flowing to the point of application (particularly in closed application systems). Response delay becomes less important in those systems where a foam buffer is present at the application point.
An example of a process in which response delay becomes problematic is foam printing. In this process the foamed paste passes through a distribution slit and is applied on the substrate using a rotary screen [1, 2] . The printing process is started up at a low production speed. After checking the primaly printing result, adjustment to a higher production speed is made. In order to meet the required yield specifications during the phase of adjustment, the response delay that may appear must be considered and accounted for. When the foam production and fabric speed are increased simultaneously, they can only be increased slowly in order to keep the yield on substrate within the limits set by the specifications [2]. However, if the response delay time is taken into account by firstly increasing the foam production and secondly the fabric speed, it is possible to increase the fabric speed and still satisfy the yield requirements.
The way in which response delay affects certain physical quantities in foam application units has been derived mathematically, based on a description of the flow profile of the foam in application units [3] . The derivation applies to the dynamic flow of a particular foam system in pipes as well as to flow in the entire unit. The dynamic flow can be described by a partial differential equation, which can be solved numerically. In this way a simulation program is obtained by which the dynamic flow can be calculated. Based on step functions of the flow entering the unit, the response delay curves of the flow leaving the unit have been determined as a function of several parameters. The different response curves resulting from the step functions can each be standardised to a response curve to give the dimensionless flow number as a function of the dimensionless time number. Finally a typical problem in process control is solved as an example of how calculations of the dynamic flow may be used to solve practical problems in foam printing.
STATIONARY FLOW OF FOAM
Foam is a viscous and compressible colloidal dispersion with particular rheological properties. The flow of foam in the laminar flow regime through a pipe, or through an entire application unit, may be calculated from a knowledge of the rheological properties of the foam. The actual flow rate of foam and the blow ratio in the foam are dependent on the local pressure. The rheology of the foam varies as a function of the actual blow ratio, and may thus be used as a function of the latter [3].
The rhecilogical values used in the derivation were obtained from viscosity measurements on a foamed solution which was composed of 10 g/l lauyl sulphate and thickened with 30 g/l Solvitose FN (a starch ether).
The rheology of the foam can be described by the well known power law (T= kDr"). The The influcnce of changes in the bubble diameter on the rheological properties was ignored, and calculations were carried out for a foam with a mean bubble diameter of about 40 p.m. Slip effects at the wall are of minor importance in this system because of the small ratio of foam visco: ity versus liquid viscosity [31.
Based o r i the equation of flow for a pseudoplastic, the pressure drop over a pipe can be determined numerically. With a pressure drop of several atmospheres over the pipe the dc-tual blow ratio and the volumetric flow rate change considerably over the length of the pipe. Eqn 1 is therefore integrated numerically over the pipe length: The initial conditions are given in Eqns 4 and 5:
As for the pipe, the pressure drop over the entire unit can be determined in a similar way. The foam printing machine is made up of three sections: the mixer, the transport tube and the distribution section. The mixer has a certain volume but a negligible pressure drop. The transport pipe, on the other hand, usually has a considerable pressure drop of several atmospheres. The distribution section consists of two parallel pipes both having a narrow slit (Figure 2 ). The slit diameter changes over the length of the pipe resulting in an even distribution over the entire width of the application unit. In the foam printing machine represented, the space between the slit and the point of application is rather small and therefore the correspondingly small pressure drop is neglected in the calculations. In order to describe the flow through the narrow slit use is made of an empirical relationship (Table 1) . The consequences on the microscopic level of the flow in narrow slits has been evaluated in an earlier publication [3] . The data as used in the calculations are given in Table 1 . 
DYNAMIC FLOW OF FOAM
During constant flow through a pipe the pressure drop reaches one stable value. By suddenly changing the flow rate a pressure wave arises which moves slowly through the pipe. After a certain time the pressure drop over the pipe adjusts itself to a new stabie value, corresponding to the new flow rate. When calculations based on these phenomena are made, the results are described in terms of the variable x, designating the location in the pipe, and the variable t, giving the time. The pressure drop in the pipe and the corresponding flow rate are thus solutions to a partial differential equation.
In deriving the differential equation the mass balance over a segment i of the pipe with length Ax follows from the fact that accumulation equals flow in minus flow out (Eqn 7):
Prior to any further derivation Eqn 7 can be written in the form of Eqn 8: where 6v,=A6x
As was the case for constant flow, Eqns 2 and 3 are valid. The system can therefore be described by the following set of equations, comprising a partial differential equation, additional equations, and initial and boundary conditions. 
k=f(B)
Initial and boundary conditions t=O P(x) =stationary flow
The equations were solved numerically using the well known Euler method. Calculations are made in steps with magnitudes Ax and At. The choice of Ax and At determines on one hand the size of the segmentational error, and on the other hand the numerical stability of the calculation system. The Ax and At values must be chosen in such a manner that residence time of the foam per segment is much longer than the time step At, in order to avoid numerical instability. Subsequently the convergence of the calculating system may be examined by varying Ax and At. In the examples used a value of 20 cm was chosen for Ax, and At was chosen in the interval 0.001 to 0.01 s. For this interval the calculations proceeded without any problems. The dynamic flow may also be derived in a similar way for the entire foam printing unit.
Quite apart from the term describing the viscous resistance, Eqn 9 should include a term related to inertia. Estimations made in the examples show, however, that inertia does not contribute much to flow resistance. This is mainly caused by the relatively low density compared with the high viscosity of the foam.
PRESSURE WAVES AND RESPONSE CURVES
Calculations have been made for the flow through a pipe of 8 m long and a diameter of 0.02 m. The mass flow rate was increased from F,,, to F, , , .
The step function introduces a pressure wave, which travels slowly through the pipe (Figure 3) . The flow rate of foam leaving the pipe can be represented by a response curve (Figure 4) . When the wave reaches the final segment of the pipe the flow leaving the pipe starts to increase. Subsequently the flow increases to the new stationary value. The results of the calculations are given in the Figures 3-7 and in Table 2 . 
STANDARDISATION OF THE RESPONSE CURVES
In order to continue the analysis, the response curves resulting from an increase in flow from F,,, to Fmax were standardised to response curves, where the dimensionless flow number 4 is given as a function of the dimensionless time number 8. The delay in response is a result of an increase of the mass of foam contained in the pipe (mass content). One relationship that is important for the standardisation gives the mass content of the pipe as a function of flow rate at constant flow conditions (Eqn 16):
The difference between the incoming flow and the outgoing flow, integrated over time, is equal to the increase of mass content of the pipe (Eqn 17): This is represented by the shaded area in Figure 5 .
With Eqn 13 the two dimensionless numbers specified in Eqns 18 and 19 may be defined:
Figures 6 and 7 show the standardised response curves using the values of F,,, and F, , , as given in Table 2 . The corresponding response time, when O= 1 are also given in Table 2 . These response times can be calculated directly from Eqn 16 Figures 6 and 7 show that the shape of the response curve is nearly independent of the magnitude of the flow. However, the shape is strongly influenced by the ratio F,,,/F,,,,,. A larger value of F,,,/F,,, indicates a steeper breakthrough curve.
It is also clear that the response time increases with decreasing flow rate or increasing period of delay of the foam in the unit.
ADJUSTMENT SCHEME FOR THE FOAM PRINT-ING UNIT
Dynamic flow phenomena, as they appear in the whole foam printitig unit, are analogous to those for flow through pipes. Thus the response curves resulting from a change in foam production can be calculated in a similar way. These response curves appear to be of about the same shape as those resulting from transient flow through pipes and therefore will not be treated any further in this article. Instead we will examine a practical problem in foam printing. It will be shown how foam production can be controlled in such a way that the apparent response delay is compensated for. In the foam printing example, the machine is started with a fabric velocity of 4 m/min while 0.5 x kg/s foam throughout is applied. After checking the primary printing results the velocity of the fabric is linearly increased to 40 m/min in 45 s, during which time the yield on the substrate remains the same.
A procedure, based on the knowledge of the response delay and the shape of the response curves resulting from a step function, may be used to obtain an increased production speed, the foam production being increased by increments. The magnitude of the increments, as well as the time intervals at which they are applied, can be determined as follows. (a) The mixer production is increased to a higher rate of flow by means of a step function. The step function is applied at the moment at which the time interval from the preceding step function equals the breakthrough time from the preceding step (8=1). desired yield curve up to H=1. This will not be the same for the second step, so the second step function
The result of the calculations of this example is given in For the first two steps in the given procedure only the cquation which relates mass to flaw is used. in the third ~i e p of the procedure use is also made of the shape of the wsponse cu~ves (Figures 6 and 7) . The scaling-up scheme is built up of iterative calculated steps. Uneven distribution of foam over the width of the substrate may be caused by ihe pressure wave in the distribution unit. I n the example r h s e n this effect is not very great. At much higher xcelerations, however, this may becorne a problem.
In order to be able to set LIP a scaling-up scheme for practical purposes, the rheology of the foam should be known. However, a simpler method is to determine Eqn 16 empirically. This can be carried out by measuring the pressure drop in the foam printing unit as a function of the flow rate. When the pressure in every part of the machine and the machine delay are known, the mass and the response delay times can be calculated easily.
It becomes apparent that a printing unit having a relatively large internal volume, and at rather small flow rates, will lead to a large response delay time. For this reason, in order to optimise the controllability, the printing unit should be designed so that the delay period of the unit, and thus the foam content, should be kept to a minimum. A system that controls the response delay should be integrated in the printing machine. The machine must contain specially designed start-up, shutdown and scaling-up programs in order to compensate for dynamic flow phenomena. Some commercial foam application machines have already been provided with such programs. Within a given range of viscosities of foam, various types of start-up, shut-down and scaling-up programs may be used, which are stored in the control system. 
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